I.. INTRODUCTION {#s1}
================

X-ray absorption spectroscopy (XAS) interrogates inner-shell electrons strongly bound to nuclei, and it enables element-specific investigation of the electronic and geometrical structures of molecules. The ionization energy of an inner-shell electron, observed as the absorption edge, varies with the atomic number and exhibits a "chemical shift" that reveals the oxidation state and/or chemical bonding of the atom. An X-ray absorption spectrum also exhibits oscillatory features, termed as extended X-ray absorption fine structure (EXAFS), in the post-edge region owing to scattering of a photoelectron by neighboring atoms. The analysis of EXAFS provides the bond lengths around the atom of interest.

Time-resolved XAS (TRXAS),[@c1] which is based on the pump and probe method, utilizes the unique performance of XAS for studies of short-lived chemical species and transient states of matter. Although TRXAS has been previously performed using X-ray sources such as synchrotron radiation,[@c4] time-sliced synchrotron radiation,[@c7] and laser-induced plasma,[@c11] the X-ray pulses from these sources are either long in duration or low in pulse energy, so that TRXAS has been developed along with continuous innovation of the light sources. An X-ray free electron laser (XFEL), which generates X-ray pulses as short as 10 fs with unprecedentedly high pulse energies,[@c13] opens new avenues for femtosecond TRXAS.[@c17] Such efforts have already been initiated at LCLS (Linac Coherent Light Source)[@c18] and SACLA (SPring-8 Angstrom Compact Free Electron Laser).[@c20]

In our previous study,[@c20] we reported TRXAS of aqueous solutions carried out with a dual beam multiplex detection method using SACLA. In this method, a transmission grating splits a hard X-ray pulse (FWHM = 30 eV) into two equally intense beams, one of which is transmitted through a sample solution and used as a signal beam.[@c21] The signal beam and the reference beam, which do not pass through the sample, are spectrally dispersed and simultaneously recorded on a shot-to-shot basis. From these signal and reference spectra, an X-ray direct absorption spectrum is obtained for the entire 30 eV spectral bandwidth of the X-ray pulse. The smallest detectable absorbance using an optimized data acquisition algorithm was 0.002.[@c20]

The major difficulty of performing TRXAS using a visible/ultraviolet (UV) pump and hard X-ray probe is that the absorption cross-section of chemical species in the X-ray region is several orders of magnitude smaller than that in the visible/UV.[@c2] Consequently, the sample concentration suitable for hard X-ray absorption spectroscopy tends to be too high for the visible/UV pump step, so that the pump pulse is strongly absorbed near the liquid surface and unable to illuminate the entire sample. For successful TRXAS, it is necessary to achieve the highest detection sensitivity of the X-ray absorption at low optical density. With conventional light sources, action spectroscopy, in which the X-ray photon energy is scanned while monitoring the emission intensity of the X-rays, photoelectrons, or photoions, has been proven to achieve higher sensitivity than X-ray direct absorption spectroscopy. However, it is not immediately clear whether action spectroscopy is superior to direct absorption spectroscopy using the dual beam multiplex detection method because the intensity fluctuations of the X-ray pulses are enhanced by monochromatization of the radiation from the SASE (self-amplification of spontaneous radiation) source. Furthermore, action spectroscopy requires the narrow spectral width provided by monochromatized X-rays, e.g., that of ca. 1 eV, which is considerably smaller than that of the direct X-ray beam employed in the dual beam multiplex detection method. Therefore, the high-sensitivity advantage of action spectroscopy may be curtailed by the longer scanning time required to cover the energy region of interest. Thus, it is interesting to examine the performance of X-ray absorption spectroscopy by monitoring the total X-ray fluorescence intensity in combination with SACLA.

In this paper, we present a TRXAS study using SACLA with the total X-ray fluorescence yield (TFY) method. The focus of this work is the photochemistry of ferrioxalate, \[Fe(III)(C~2~O~4~)~3~\]^3−^, in aqueous solution. Polycarboxylates, including oxalate, are common constituents of precipitation, aerosol, and surface water. \[Fe(III)(C~2~O~4~)~3~\]^3−^ undergoes a rapid photochemical reaction under sunlight that induces the decomposition of contaminants in natural water[@c22] and is also employed as a chemical actinometer.[@c23] Although the overall photochemical reaction of \[Fe(III)(C~2~O~4~)~3~\]^3−^ in aqueous solution is known to be a photoreduction reaction, which is often expressed as 2\[Fe(III)(C~2~O~4~)~3~\]^3− ^+ hν → 2\[Fe(II)(C~2~O~4~)~2~\]^2− ^+ 2CO~2~ + C~2~O~4~^2−^, the elementary steps of this reaction have not yet been elucidated. It has been speculated that photoexcitation in the UV region induces ligand-to-metal charge transfer (LMCT) followed by metal--ligand bond cleavages as follows: $$\left. {\lbrack{\text{Fe}{(\text{III})}{({C_{2}O_{4}})}_{3}}\rbrack}^{3 -}{({s = 5/2})} + h\nu\rightarrow{\lbrack{\text{Fe}{(\text{II})}{({C_{2}O_{4}})}_{3}}\rbrack}^{3 -^{*}}\rightarrow{\lbrack{\text{Fe}{(\text{II})}{({C_{2}O_{4}})}_{2}}\rbrack}^{2 -} + {\, C}_{2}O_{4}^{\bullet -}{({{\text{or}\,\,\text{CO}}_{2} + {\,\text{CO}}_{2}^{\bullet -}})}, \right.$$where *s* is a spin quantum number; the electronic ground state of \[Fe(III)(C~2~O~4~)~3~\]^3−^ is a high spin (HS) state (*s* = 5/2). The quantum yield of Fe(II) exceeds unity[@c24] and also varies with the concentration of the solution and the presence of radical scavengers, which indicates that a ligand, C~2~O~4~^•−^ (or CO~2~ + CO~2~^•−^), is dissociated from the complex, inducing a secondary reduction reaction with a different \[Fe(III)(C~2~O~4~)~3~\]^3−^ complex in solution. On the other hand, Chen *et al*. proposed a different reaction mechanism based on their time-resolved X-ray absorption spectroscopy measurements performed using a table-top laser-driven X-ray source.[@c27] They estimated the Fe-O bond length of transient species from the X-ray absorption spectra and suggested that the bond length varies within 10 ps to finally reach 0.19 nm in the primary photoproduct. Although this length was too short to correspond to the Fe(II)-O bond, it agreed with the expected Fe(III)-O distance in \[Fe(III)(C~2~O~4~)~2~\]^−^. Thus, Chen *et al*. proposed that the primary photochemical reaction for both 400 and 266/267 nm photoexcitation is[@c27] $$\left. \,{\lbrack{\text{Fe}{(\text{III})}{({C_{2}O_{4}})}_{3}}\rbrack}^{3 -}{({s = 5/2})} + h\nu\rightarrow{\lbrack{\text{Fe}{(\text{II})}{({C_{2}O_{4}})}_{3}}\rbrack}^{3 -^{*}\,}\rightarrow{\lbrack{\text{Fe}{(\text{III})}{({C_{2}O_{4}})}_{2}}\rbrack}^{-} + {2\text{CO}}_{2}^{\bullet -}. \right.$$In this scenario, photoexcitation creates \[Fe(III)(C~2~O~4~)~2~\]^−^ and the reduction of Fe(III) is caused entirely by a secondary reduction reaction initiated by the dissociated ligands.

There are also additional reaction channels, which are considered to be less important. For example, the charge-transfer-to-solvent (CTTS) reaction can possibly create a hydrated electron as follows: $$\left. {\lbrack{\text{Fe}{(\text{III})}{({C_{2}O_{4}})}_{3}}\rbrack}^{3 -}{({s = 5/2})} + h\nu\rightarrow{\lbrack{\text{Fe}{(\text{III})}{({C_{2}O_{4}})}_{3}}\rbrack}^{2 -} + {\, e}^{-}{(\text{aq})}. \right.$$Regarding reaction [(3)](#d3){ref-type="disp-formula"}, previous transient absorption spectroscopy measurements have identified two visible absorption bands in the regions of 500--800 and 380--500 nm corresponding to photoproducts,[@c27] of which the former is assigned to a hydrated electron, while assignment of the latter has not yet been established. Goldstein and Rabani observed that the quantum yield of Fe(II) varies with the photoexcitation wavelength, 1.24 at λ \> 270 nm to 1.48 at λ \< 250 nm, from which they speculated that the yield of a hydrated electron increases in the region below 250 nm.[@c25] Nevertheless, the quantum yield of a hydrated electron has been determined to be 0.05 for 266/267 nm photoexcitation; therefore, reaction [(3)](#d3){ref-type="disp-formula"} is unimportant in our experiment using 268 nm. Additionally, the non-reactive spin cross-over dynamics (or intersystem crossing process) indicated below creates low spin (LS) states $$\left. {\lbrack{\text{Fe}{(\text{III})}{({C_{2}O_{4}})}_{3}}\rbrack}^{3 -}{({s = 5/2})} + h\nu\rightarrow{\lbrack{\text{Fe}{(\text{II})}{({C_{2}O_{4}})}_{3}}\rbrack}^{3 -^{*}}\rightarrow{\lbrack{\text{Fe}{(\text{III})}{({C_{2}O_{4}})}_{3}}\rbrack}^{3 -}{({s = 3/2,\, 1/2})}. \right.$$However, because reaction [(4)](#d4){ref-type="disp-formula"} is not an overall reduction process, it is not considered to be the primary reaction pathway.

As for reactions [(1)](#d1){ref-type="disp-formula"} and [(2)](#d2){ref-type="disp-formula"}, there has also been speculation that a pentacoordinated complex is formed as an intermediate as follows: $$\left. {\lbrack{\text{Fe}{(\text{III})}{({C_{2}O_{4}})}_{3}}\rbrack}^{3 -}{({s = 5/2})} + h\nu\rightarrow{\lbrack{\text{Fe}{(\text{II})}{({C_{2}O_{4}})}_{3}}\rbrack}^{3 -^{*}}\rightarrow{\lbrack{{({C_{2}O_{4}^{\bullet}})}\text{Fe}{(\text{II})}{({C_{2}O_{4}})}_{2}}\rbrack}^{3 -}\,\text{or}\,\,{\lbrack{{({C_{2}O_{3}O -})}\text{Fe}{(\text{III})}{({C_{2}O_{4}})}_{2}}\rbrack}^{3 -}. \right.$$When two metal-ligand bonds are not dissociated simultaneously, a radical complex is created as a transient species. Chen *et al*. have proposed that the radical intermediate \[(C~2~O~3~O−)Fe(III) (C~2~O~4~)~2~\]^3−^ is created upon excitation and decomposes within 5 ps.[@c28] On the other hand, Pozdnyakov *et al*. have performed nanosecond flash photolysis using 355 nm excitation and argued that the yield of organic radicals (CO~2~^•−^ and C~2~O~4~^•−^) expected for reactions [(1)](#d1){ref-type="disp-formula"} and [(2)](#d2){ref-type="disp-formula"} is only 0.06, indicating that the primary product of \[Fe(III)(C~2~O~4~)~3~\]^3−^ is \[(C~2~O~4~^•^)Fe(II) (C~2~O~4~)~2~\]^3−^ with a long lifetime (longer than a microsecond).[@c29]

In the present study, we investigate the ultrafast dynamics of a photochemical reaction of \[Fe(III)(C~2~O~4~)~3~\]^3−^ upon 268 nm photoexcitation from the viewpoint of near-edge X-ray absorption fine structure (NEXAFS) at the Fe K-edge. The spectral and time resolutions of the experiment were 1.3 eV and 200 fs, respectively. To aid the interpretation of our experimental results, we also perform electronic structure calculations using density functional theory (DFT) and time-dependent DFT (TDDFT).

II.. EXPERIMENT {#s2}
===============

Figure [1](#f1){ref-type="fig"} schematically shows our experimental setup for TFY-TRXAS. The sample is an aqueous 0.1M solution of ammonium iron(III) oxalate trihydrate, (NH~4~)~3~\[Fe(C~2~O~4~)~3~\]·3H~2~O. The solution was pressurized using a gradient-flow high performance liquid chromatography (HPLC) pump with a built-in degasser and was discharged from a fused silica capillary with a 50 *μ*m inner diameter. To prevent decomposition of the sample by room light, the sample bottle was covered with aluminum foil and the solution was not recycled for repeated measurements. The central photon energy of the hard X-ray pulse was tuned for the Fe K-edge by adjusting the accelerator conditions and the undulator of SACLA. The X-ray bandwidth was decreased to 1.3 eV (FWHM) using a Si(111) X-ray monochromator. The monochromatized X-ray beam was focused on the sample solution by a pair of Kirkpatrick-Baez mirrors,[@c32] which produced a focal spot diameter of 1.5 *μ*m, as measured by knife-edge scanning using a 200 *μ*m gold wire. The repetition rate of SACLA was 30 Hz. The X-ray pulse intensity was monitored by reflecting a small portion of the pulse from a Kapton film tilted at 45° with respect to the X-ray *k*-vector into a homemade instrument (I~0~ monitor, Figure [1](#f1){ref-type="fig"}).

The X-ray fluorescence from the sample was detected using a multi-port charge-coupled device (MPCCD) sensor.[@c33] We covered the detector surface with a Kapton film and a beryllium plate to protect it from accidental splash of the liquid. The 25.6 × 51.2 mm^2^ detection area of the MPCCD and the 100 mm distance between the sample and the detector surface provide a fluorescence detection solid angle of 0.12 sr. The dynamic range of the MPCCD was 2000 photons/pixel and its quantum efficiency was 0.8 at a X-ray photon energy of 6.4 kV. Because SACLA is an SASE-XFEL, the X-ray pulse intensity and spectrum fluctuate on a shot to shot basis. Moreover, the intensity fluctuations of the monochromatized radiation are greater than that of the undispersed direct X-ray beam. A representative intensity histogram of 900 monochromatized X-ray pulses (hν = 7.125 keV) is shown in Figure [2(a)](#f2){ref-type="fig"}, for which the average pulse energy was 2.3 *μ*J/pulse. Figure [2(b)](#f2){ref-type="fig"} shows the correlation between the fluorescence intensity and the X-ray pulse intensity (hν = 7.125 keV). The X-ray fluorescence intensity, *F*, is expressed as $$F(E) = C\sigma_{\text{abs}}(E)\Phi_{\text{fluo}}\Phi_{\text{det}}P(E),$$where *E* is the photon energy, *C* is a constant, $\sigma_{\text{abs}}$ is the photoabsorption cross-section, Φ~fluo~ is the fluorescence quantum yield (approximated as being independent of energy), Φ~det~ is the detection quantum yield, and *P*(*E*) is the X-ray pulse energy. Thus, the relative absorption intensity is related to the slope of *F* against *P* $$\left. \frac{\mathit{d}\mathit{F}}{\mathit{d}\mathit{P}} \right|_{\text{at}\, E} = C\sigma_{\text{abs}}\left( E \right)\Phi_{\text{fluo}}\Phi_{\det}.$$

Figure [2(c)](#f2){ref-type="fig"} presents the averaged value and standard deviation of the slope (*C*σ~abs~Φ~fluo~Φ~det~) determined for different numbers of X-ray pulses; the result indicates that the slope is determined with an accuracy of higher than 0.5% when it is calculated using more than 300 X-ray shots.

The 268 nm excitation pulse (100 fs) was the third harmonic of a Ti:sapphire laser, generated using two β-BaB~2~O~4~ crystals for frequency doubling and mixing. As described in our previous paper,[@c20] the output from a 1 kHz Ti:sapphire regenerative amplifier was boosted up using a separate two-pass amplifier operated at 60 Hz. The 60 Hz pulse train was reduced to 30 Hz using a chopper wheel, and the beam was focused on the sample using an axisymmetric lens (*f* = 300 mm). The cross-correlation between the UV and X-ray pulses is estimated as 200 fs considering the timing jitter between SACLA and the synchronized laser, as well as an estimated UV pulse duration. The effective spot diameter at the sample position was estimated to be 150 *μ*m by monitoring the transient X-ray fluorescence intensity while moving the 268 nm light against the fixed liquid beam; the spatial mode monitored using a beam profiler exhibited deviation from an ideal Gaussian profile. The crossing angle between the *k*-vectors of the 268 nm and X-ray beams was less than 10°. As will be presented later in Figure [6](#f6){ref-type="fig"}, we measured the 268 nm pulse-energy dependence of the transient absorption spectrum and found that the absorption intensity varied linearly with the UV pulse energy up to ca. 40 *μ*J. The transient absorption time profiles were measured at higher pulse energy of 90 *μ*J to compensate for low signal-to-noise ratio; the results were consistent between the spectra obtained at 42 *μ*J/pulse and the time profiles at 90 *μ*J/pulse. Spectroscopic scans were performed primarily at a UV pulse energy of 42 *μ*J. When the 268 nm pulse energy exceeded 90 *μ*J, visible emission was observed due to breakdown of the sample solutions. From the molar extinction coefficient of the sample at 268 nm (4800 cm^−1^ M^−1^) and the number of molecules in the UV path (2.3 × 10^13^), the excitation efficiency was expected to exceed 50%. Ray tracing suggests that optical refraction at the air-liquid interface and internal reflection in the cylindrical liquid beam introduces spatial variation of the UV intensity in the liquid. However, our X-ray beam diameter was very narrow (1.5 *μ*m) and passed through the middle of the liquid beam, where the UV intensity was uniform.

The timing of the UV pulses with respect to the X-ray pulses was crudely adjusted using an electronic delay circuit and subsequently fine-tuned using a computer-controlled linear translation stage in the UV beam line. The electronic timing system exhibited drifting that depended on experimental conditions such as temperature in the SACLA facility; therefore, we checked the timing at regular intervals during our measurements to determine the accurate pump-probe delay times.

Figure [3](#f3){ref-type="fig"} compares our X-ray absorption spectra of the \[Fe(III)(C~2~O~4~)~3~\]^3−^ complex measured using the dual beam multiplex detection method[@c20] with the results of the TFY method (this study). The peak positions in the two spectra are in excellent agreement (within 0.5 eV), which confirms the accuracy of our measurements. For the dual beam multiplex detection method, the minimum detectable absorbance change when using 10 000 X-ray pulses was 0.002 at an absorbance of 0.1, corresponding to 2%. The average pulse energy and the bandwidth were 1.4 *μ*J and 30 eV, respectively. For the TFY method, the standard deviation of the absorbance calculated from the correlation between the incident X-ray pulse energy and X-ray fluorescence intensity was 0.4% for 600 X-ray pulses. The average pulse energy and the bandwidth were 2.2 *μ*J and 1.3 eV, respectively. The effective photon flux within the same bandwidth is 2.2 times higher for the TFY method than the dual beam multiplex detection method. Assuming the same bandwidth and photon flux, the signal-to-noise ratio of the TFY method is calculated to be three times higher than that of the dual beam multiplex detection method. However, we also note that the product of the sample concentration and optical path length used for the TFY method was 10 times smaller than that for the dual beam multiplex detection method. Therefore, the overall sensitivity of the TFY method is higher than the dual beam multiplex detection method by an order of magnitude. The spectra of \[Fe(III)(C~2~O~4~)~3~\]^3−^ reported by Chen *et al*.[@c27] are inconsistent with each other and are different from ours, suggesting that their energy calibration was not quite accurate. Additionally, the 1.3 eV spectral resolution of our study is considerably higher than the 20 eV resolution of their study.[@c27] The higher signal-to-noise ratio of the TFY method compared with the dual beam multiplex detection method enabled observation of a small pre-edge peak at 7111 eV, which is ascribed to a bound-to-bound electronic transition from a high-spin ground state (*s* = 5/2) of \[Fe(III)(C~2~O~4~)~3~\]^3−^ to excited state(s).

III.. THEORETICAL CALCULATIONS {#s3}
==============================

We performed electronic structure calculations on \[Fe(III)(C~2~O~4~)~3~\]^3−^ and its possible reaction products using the DFT (for ground states) and TDDFT (for excited states) methods.[@c34] The geometries of the complexes were optimized at the DFT level using different DFT functionals (BLYP, B3LYP, BHandHLYP, and LC-wPBE yielded similar results) with the aug-cc-pVDZ basis set for carbon and oxygen and a Stuttgart relativistic small-core pseudopotential[@c35] with a corresponding double zeta basis set for iron. The polarizable continuum model was used within the optimization.[@c36] The UV absorption spectrum of the ferrioxalate complex was calculated with TDDFT. As charge transfer states are involved in the electronic transitions, we used the BMK functional[@c38] with a large contribution of exact exchange. The spectral shape was obtained using an empirical broadening scheme.[@c39] The character of the transitions was investigated by constructing the Natural Transition Orbitals (NTO).[@c40] The first excited state was optimized on the TDDFT/BMK (Boese-Martin for Kinetics) level. The relative core ionization energies were modeled with TDDFT as excitations from core orbitals into a distant center. We employed the BHandHLYP functional with def2-TZVP(-f) using a ZORA Hamiltonian. The solvent effects were modeled within a dielectric continuum framework using an optical part of the dielectric function, taking into account the non-equilibrium character of solvation during the excitation and ionization processes. The geometry optimization and valence excited state calculations were performed in the Gaussian09 code,[@c41] and the core-excited TDDFT calculations were performed in the ORCA code.[@c42]

IV.. RESULTS {#s4}
============

A.. TRXAS upon 268 nm photoexcitation {#s4A}
-------------------------------------

Figure [4(a)](#f4){ref-type="fig"} shows the observed X-ray absorption spectra of aqueous 0.1M ammonium iron(III) oxalate trihydrate solution at selected pump-probe delay times. The spectra reveal a clear change upon UV irradiation, particularly in the region from the K-edge up to 7180 eV. The K-edge exhibits a distinct red-shift after the generation of transient species by the 268 nm pulse, which indicates that the K-edges of the transients are lower in energy than that of the parent. We find noticeable differences between our spectra and those reported previously by Chen *et al*. using a laser-based X-ray source.[@c28] For example, we observed a red-shift of the K-edge, in contrast to the blue-shift they reported[@c28] for 267 nm photoexcitation of \[Fe(III)(C~2~O~4~)~3~\]^3−^. Additionally, our X-ray absorption spectra exhibit only small spectral changes after 1 ps, while their spectra exhibit a progressive blue-shift and spectral evolution even after 2 ps.[@c28] Although the reason for these differences is unclear at this point, they lead to different conclusions between the two studies, as explained below.

Figure [4(b)](#f4){ref-type="fig"} shows the difference spectra calculated from the observed spectra shown in Figure [4(a)](#f4){ref-type="fig"}, obtained by subtracting the spectrum measured at −3 ps from those measured at positive time delays. Close examination of the blowup view of the K-edge region, presented as Figure [4(c)](#f4){ref-type="fig"}, reveals that the magnitude of the red-shift of the K-edge subsequently diminishes within 3 ps. A pre-edge peak is seen at 7111 eV in all of the spectra in Figure [4(a)](#f4){ref-type="fig"}, while it is not discernible in the difference spectra shown in Figure [4(b)](#f4){ref-type="fig"}.

To examine the ultrafast change of the absorption spectrum around the K-edge more closely, we have measured time profiles of the X-ray fluorescence intensities at 13 different X-ray photon energies and performed a global fit. The arrows shown in Figure [4](#f4){ref-type="fig"} indicate the X-ray photon energies employed for these measurements. Figure [5(a)](#f5){ref-type="fig"} displays examples of observed time profiles and the fitted decay curves. The time profiles at 7115--7120 eV exhibit an immediate rise followed by decays, while those in the 7130--7140 eV region exhibit bleach upon UV irradiation and subsequent partial recovery. The fitted decay curves reproduce the experimentally observed time profiles very well. Using the global fit, we extracted three spectral components, as shown in Figure [5(b)](#f5){ref-type="fig"}, in which the black line indicates the X-ray absorption spectrum of the parent and other colors indicate the spectra of transient species. These transient signals have enhanced absorption in the energy region below 7125 eV while exhibiting negative signal in the region around 7130 eV, which is due to bleaching of the parent. The transient species shown in red and blue colors appear with time constants of 140 fs and 3 ps, respectively.

The transient absorption spectra shown in Figures [4](#f4){ref-type="fig"} and [5](#f5){ref-type="fig"} are the sum of the spectra of the parent and transient species. To extract the contribution due to transient species from the overall absorption spectrum, the UV excitation efficiency must be estimated. We performed this estimation by measuring the pump pulse energy dependence of the difference spectrum, as shown in Figure [6(a)](#f6){ref-type="fig"}. The intensity of the difference spectrum increased linearly with the UV pulse energy up to ca. 40 *μ*J, after which it was saturated; the spectral features were independent of the UV pulse energy within the range we examined. This result suggests that when using a pump pulse energy of 42 *μ*J, the fractional population (*f*: 0 ≦ *f* ≦ 1) of excited complexes reaches 0.5 or larger. In Figure [6(b)](#f6){ref-type="fig"}, we simulated the difference spectrum by approximating the spectrum of a photoproduct with a red-shifted spectrum of the parent with K-edge shifts of −2, −4, −5, and −7 eV and found the best-fit *f* values for each case. Assuming a K-edge shift of less than 3 eV or greater than 6 eV poorly reproduces the observed difference spectrum, while red-shifts of ca. 4 eV and *f* ≈ 0.5 reproduce the difference spectrum well. Thus, based on these results we reconstructed the X-ray absorption spectrum of the photoproduct as shown in Figure [6(c)](#f6){ref-type="fig"} using the static spectrum of the parent, the difference spectrum obtained at Δ*t* = 7 ps, and a fractional population of *f = *0.5. We note that the constructed absorption spectrum of the photoproduct exhibits a flatter spectral feature with a diminished amplitude of the oscillatory component in the post-edge region compared with the observed spectrum of \[Fe(III)(C~2~O~4~)~3~\]^3−^ (*s* = 5/2). The predicted red-shift for *f* = 0.5, measured as the difference of the peak positions, is −6 eV.

If the true *f* value is larger than 0.5, the reconstructed spectrum of a product will exhibit a similarly small amplitude of the oscillatory feature, while the red-shift becomes smaller than −6 eV. For example, if *f* is unity, the observed spectrum should be entirely of the product and the red-shift becomes ca. −3 eV, measured from the observed peak to peak shift. This result clearly indicates that the red-shift of the K-edge is greater than −3 eV.

B.. Possible intermediates: Calculated Fe-O bond distances and K-edge energies {#s4B}
------------------------------------------------------------------------------

The experiment provides two types of observations that can be compared with theoretical calculations: the Fe-O distances and the K-edge shifts of the intermediate structures. Table [I](#t1){ref-type="table"} shows the Fe-O bond distances calculated for the parent molecule \[Fe(III)(C~2~O~4~)~3~\]^3−^ and various product candidates using different levels of theory. Although the absolute values vary with the level of theory, the general trends are the same. The \[Fe(III)(C~2~O~4~)~3~\]^2−^ complex and the spin crossover complex in the quintet state have asymmetric structures, for which two or three different Fe-O bond distances are predicted. The structures of \[Fe(III)(C~2~O~4~)~3~\]^3−^ in the ground state and \[Fe(II)(C~2~O~4~)~2~\]^2−^ are shown graphically in Figure [7](#f7){ref-type="fig"}. Table [I](#t1){ref-type="table"} also lists the corresponding values for a transient species, \[(CO~2~^•^)Fe(II)(C~2~O~4~)~2~\]^3−^, which will be discussed in Sec. [V](#s5){ref-type="sec"}.

The most robust experimental observation is the red-shift of the Fe K-edge energy. We have therefore estimated the K-edge energies (the binding energies of the 1s electron) of different species using a dielectric continuum model, as shown in Table [II](#t2){ref-type="table"}. The absolute energies are not sufficiently accurate to directly compare with the experimental values, so the K-edge shifts from the parent are also tabulated in the parentheses. An inspection of Table [II](#t2){ref-type="table"} reveals that the observed red-shift of the K-edge of greater than 3 eV is predicted only for \[Fe(II)(C~2~O~4~)~2~\]^2−^ and \[(CO~2~^•^)Fe(II)(C~2~O~4~)~2~\]^3−^. The \[Fe(III)(C~2~O~4~)~2~\]^−^ complex is excluded from the product, because a blue-shifted K-edge (+1.4 eV) is expected for it.

C.. Comparison of simulated and observed XAS spectra {#s4C}
----------------------------------------------------

The oscillatory feature in the post-edge region is caused by interference of the outgoing and scattered photoelectron waves, which enables analysis of the Fe-O bond distance and structural orders around the Fe atom. Accurate determination of the bond length requires measurements of the oscillatory features for more than several hundred eV above the absorption edge; however, such measurements were not possible in the limited beam-time of SACLA provided. Therefore, we have focused on the energy region near the K-edge (7.1--7.27 keV) in this experiment. Although this energy window is too narrow to accurately estimate the Fe-O bond lengths of transient species, we may still be able to examine the consistency between the observed spectra and the assignment of a photoproduct. In the previous study by Chen *et al*., the Fe-O bond lengths were determined by analysis of the spectra for a similar energy range of 7.05--7.35 keV;[@c28] our spectra cover more than 85% of the spectral region studied in that work.

Figure [8(a)](#f8){ref-type="fig"} compares the observed near-edge structure of the parent molecule, \[Fe(III)(C~2~O~4~)~3~\]^3−^ with the spectrum simulated using the FEFF6 program[@c43] and the molecular geometry (including all atoms) obtained by our DFT calculations. The observed and calculated spectral features are in very good agreement. Based on this reasonable spectral agreement, we also compare the near-edge structure of the photoproduct (the same spectrum shown in Fig. [6(c)](#f6){ref-type="fig"}) with the predicted spectra for \[Fe(II)(C~2~O~4~)~2~\]^2−^ in Figure [8(b)](#f8){ref-type="fig"}. In this case, the predicted spectrum of \[Fe(II)(C~2~O~4~)~2~\]^2−^, calculated using an Fe(II)-O bond length of 0.204 nm, agrees reasonably well with the observed spectrum. The red-shift of the Fe K-edge between the parent and product is 6 eV, as mentioned earlier. Because the absorption intensity of the photoproduct in Fig. [8(b)](#f8){ref-type="fig"} is normalized to the intensity of the parent molecule, the maximum of the absorption intensity appears lower than that of the parent molecule. This is reasonable because the parent molecule exhibits oscillatory features with larger magnitudes, so that the peak of the absorption intensity can be higher than that of the photoproduct.

D.. Simulated UV absorption spectrum of \[Fe(III)(C~2~O~4~)~3~\]^3−^ {#s4D}
--------------------------------------------------------------------

To gain further insight into the character of the excitation process, we have simulated the UV absorption spectrum of the parent \[Fe(III)(C~2~O~4~)~3~\]^3−^ ion. Figure [9](#f9){ref-type="fig"} compares the experimental UV absorption spectrum with the one calculated using the TDDFT method. The calculated spectrum reproduces the experimental spectral features reasonably well even though the calculated band intensity is larger than the experimental value in the high energy region. The smooth calculated spectrum involves 85 individual transitions underneath. The character of the states can be conveniently visualized within the NTO scheme. We have constructed the NTOs for all states contributing non-negligibly to the spectrum. As an example, the dominant NTOs for 15th electronic state are presented on the right panel of Figure [9](#f9){ref-type="fig"}, clearly revealing the LMCT character of the transition. Similar NTOs are found for all transitions contributing to the absorption band at 270 nm.

V.. DISCUSSION {#s5}
==============

Presently, the most thoroughly investigated ultrafast dynamics in Fe complexes is the spin crossover dynamics of the Fe(II) complex. The 3*d* orbitals of an Fe atom in an octahedral ligand field split into the e~g~ and t~2g~ orbitals, and the interaction of an Fe(II) atom with strong-field ligands such as CN^−^ or bipyridine creates the LS ground state with a fully occupied HOMO of (t~2g~).[@c6] Photoexcited Fe(II) complexes undergo light-induced spin crossover dynamics between the LS ground state and a HS quintet excited state, and these processes have been studied extensively over the years.[@c44] For example, strong photoabsorption bands of the Fe(II) tris bipyridine complex in the visible to UV range are due to metal-to-ligand charge transfer (MLCT) bands. These ^1,3^MLCT states have similar metal-ligand bond lengths with those in the ground electronic state, while the ^1^T~1,2~, ^3^T~1,2~, and ^5^T~2~ electronic states with an occupied anti-bonding LUMO (e~g~) have larger metal-ligand distances by ca. 0.2 Å. Consequently, the MLCT potential energy surfaces undergo crossings with those of the ^1^T~1,2~, ^3^T~1,2~, and ^5^T~2~ electronic states. TRXAS spectroscopy by Bressler *et al*. revealed a red-shift of the Fe K-edge within 150 fs after photoexcitation, which was interpreted as a signature of the formation of the ^5^T~2~ state.[@c47] The X-ray absorption spectrum observed after 500 fs remained essentially unchanged even after 100 ps. Although there is a surface crossing between the MLCT and ^5^T~2~ states, the lowest order spin-orbit interaction term does not couple these two states directly. Therefore, if the intersystem crossing to ^5^T~2~ is mediated by ^3^T~1,2~, they must be created within the first 150 fs. Recently, Zhang *et al*. claimed to have observed the transient ^3^T state using time-resolved K*β* fluorescence spectroscopy.[@c46]

Our experimental data on the ultrafast dynamics of \[Fe(III)(C~2~O~4~)~3~\]^3−^ complex are phenomenologically similar to those of the Fe(II) tris bipyridine complex in that the red-shift of the K-edge occurs within ca. 140 fs, and spectral change essentially ceases after 3 ps. However, the photo-induced dynamics of \[Fe(III)(C~2~O~4~)~3~\]^3−^ are different from the spin crossover dynamics of Fe(II) complexes. Most distinctively, the ground state of \[Fe(III)(C~2~O~4~)~3~\]^3−^ is the HS state and its photochemistry is known as a reduction reaction in which a ligand is released, leading to an overall reduction reaction quantum yield that exceeds unity.

Our experimental results are summarized as follows. The 268 nm photoexcitation of \[Fe(III)(C~2~O~4~)~3~\]^3−^ induces an ultrafast red-shift of the Fe K-edge that occurs within 140 fs and has a magnitude of greater than 3 eV. The magnitude of the red-shift diminishes within 3 ps, although the K-edge remains red-shifted by more than 3 eV from the K-edge of the parent. The spectrum subsequently remains unchanged up to 100 ps, the longest delay time we have examined. The photoabsorption spectrum extracted for the product at 7 ps exhibits diminished EXAFS oscillation amplitude, suggesting that it has a smaller number of ligands. These features are consistent with ultrafast formation of \[Fe(II)(C~2~O~4~)~2~\]^2−^ due to the photodissociation of Fe-O bonds. Although a red-shift of the K-edge is also anticipated for the LS states of \[Fe(III)(C~2~O~4~)~3~\]^3−^, because it is expected to be small in magnitude and the oscillatory spectral features would not diminish as much as in the case of \[Fe(II)(C~2~O~4~)~2~\]^2−^, they are less likely to be products.

We have identified the product of the studied reaction to be in the Fe(II) oxidation state, which is a different conclusion than that reached by Chen *et al*.[@c28] The discrepancy originates from the experimental data; we observed a red-shift of the Fe K-edge upon 268 nm photoexcitation, while they reported a blue-shift for 267 nm photoexcitation, although the reason for this significant difference is unclear. However, it is notable that in a separate study they have observed a red-shift of the Fe K-edge upon 400 nm photoexcitation of \[Fe(III)(C~2~O~4~)~3~\]^3−^, and the X-ray absorption spectrum of the parent molecule varied between their papers. In the pioneering experiments by Chen *et al*., the energy resolution of the experiment was 20 eV, which did not enable them to measure the K-edge shift accurately, and measurement of the transient X-ray absorption spectrum took more than 25 h.[@c25] It is likely that the limited signal-to-noise ratio, in addition to interference from the L~1~ line of tungsten, has limited the accuracy of their measurements.

We now consider in more detail the dissociation mechanism of the metal-ligand bonds. For releasing one ligand from the complex, two Fe-O bonds must be dissociated either sequentially or simultaneously. Should the observed transient species be assigned to a four-coordinated or five-coordinated radical complex? To examine the dissociation mechanism, we performed TD-DFT optimization for the excited electronic state. The geometry optimization carried out on the LMCT state indicates that the C--C bond of the ligand weakens after the LMCT process; the C--C bond subsequently dissociates and the Fe(II)-O bond is elongated to arrive at surface crossing between the excited and the ground electronic states (complex 1 in Figure [10](#f10){ref-type="fig"}). If one Fe(II)-O bond is dissociated in addition to the C--C bond, neutral CO~2~ leaves the complex to form \[(CO~2~^•^)Fe(II)(C~2~O~4~)~2~\]^3−^. Otherwise, the ligand rearranges to form either \[(C~2~O~4~^•^)Fe(II) (C~2~O~4~)~2~\]^3−^, denoted as complex 2A, or complex 2B presented in Figure [10](#f10){ref-type="fig"}, which are energetically higher than the electronic ground state of the parent by 2.5 eV and 2.0 eV, respectively. Formation of these complexes requires rather complicated molecular rearrangement, which may not be completed within 140 fs. Furthermore, the K-edge shifts calculated for complexes 2A and 2B are −5.4 and +0.2 eV, respectively, allowing complex 2B to be rejected as a candidate due to its blue-shift of the K-edge. Thus, CO~2~ loss to form \[(CO~2~^•^)Fe(II)(C~2~O~4~)~2~\]^3−^ is more feasible dynamically, and the expected K-edge shift of −5.7 eV agrees well with the observed K-edge shift within 3 ps. In the radical complex of \[(CO~2~^•^)Fe(II)(C~2~O~4~)~2~\]^3−^, the carbon dioxide radical anion CO~2~^•−^ is bound to the Fe atom by less than 0.5 eV. Therefore, it is plausible that a vibrationally hot complex loses CO~2~^−^ to create \[Fe(II)(C~2~O~4~)~2~\]^2−^. Thus, we propose a new reaction scenario in which photoexcitation of the LMCT band creates \[Fe(II)(C~2~O~4~)~3~\]^3−\*^, which rapidly loses CO~2~ and CO~2~^−^ sequentially to produce \[Fe(II)(C~2~O~4~)~2~\]^2−^. However, if the \[(CO~2~^•^)Fe(II)(C~2~O~4~)~2~\]^3−^ complex is vibrationally cooled prior to the second dissociation, the complex will have a lifetime and cannot be distinguished spectroscopically from \[Fe(II)(C~2~O~4~)~2~\]^2−^ due to similarities in their K-edge shifts and Fe(II)-O bond lengths.

In our analysis of the X-ray absorption spectra described in an earlier section, we estimated the excitation efficiency as *f* = 0.5 and reconstructed the spectrum corresponding to transient species. Estimating the excitation efficiency is the most difficult part of the analysis, and our estimation possibly contains an error. Therefore, to examine the influence of such an error, we have performed non-linear least squares fitting of the spectrum observed at 7 ps (shown in Figure [4](#f4){ref-type="fig"}) with the excitation efficiency and the red-shift of the product spectrum as running parameters. For this purpose, we employed the experimental X-ray absorption spectrum of the parent and a simulated spectrum of the product, either \[Fe(II)(C~2~O~4~)~2~\]^2−^ or \[Fe(III)(C~2~O~4~)~2~\]^−^, which was calculated using the FEFF6 program[@c43] and the molecular geometry predicted by TDDFT. The results, presented as two-dimensional maps of the residues of the least squares fits, are shown in Figures [11(a)](#f11){ref-type="fig"} and [11(b)](#f11){ref-type="fig"} for \[Fe(II)(C~2~O~4~)~2~\]^2−^ and \[Fe(III)(C~2~O~4~)~2~\]^−^, respectively. The residue is smaller for \[Fe(II)(C~2~O~4~)~2~\]^2−^ than \[Fe(III)(C~2~O~4~)~2~\]^−^, and the parameter space providing a reasonable fit is much narrower for \[Fe(III)(C~2~O~4~)~2~\]^−^. To generate a reasonable fit, a red-shift must be assumed for the Fe K-edge in both cases, i.e., the experimental result cannot be reproduced by assuming a blue-shift of the K-edge for a photoproduct. Thus, the observed red-shift of the K-edge is the most crucial evidence to reject \[Fe(III)(C~2~O~4~)~2~\]^−^ as a potential photoproduct. Furthermore, even if we neglect the problem of K-edge shift, \[Fe(II)(C~2~O~4~)~2~\]^2−^ fits better to the observed spectrum, because the oscillatory feature is better explained by the Fe-O bond length of 0.204 nm. In general, when the K-edge energy is uncertain, measurements performed for a narrow energy window do not enable unambiguous determination of the bond length and assignment of the chemical species. It is plausible that the actual *f* value is greater than 0.5 in our experiment.

It is interesting to examine whether the observed spectrum is also consistent with \[(CO~2~^•^)Fe(II)(C~2~O~4~)~2~\]^3−^. Our least squares fit, similar to Figure [11(b)](#f11){ref-type="fig"}, indicates that the quality of the fit assuming \[(CO~2~^•^)Fe(II)(C~2~O~4~)~2~\]^3−^ is between those of \[Fe(II)(C~2~O~4~)~2~\]^2−^ and \[Fe(III)(C~2~O~4~)~2~\]^−^. Therefore, \[(CO~2~^•^)Fe(II)(C~2~O~4~)~2~\]^3−^ cannot be excluded from being the long-lived component observed in this study.

VI.. CONCLUSION {#s6}
===============

We have performed time-resolved X-ray absorption spectroscopy of aqueous \[Fe(III)(C~2~O~4~)~2~\]^3−^ solutions using a hard X-ray free electron laser and a total X-ray fluorescence yield method. \[Fe(III)(C~2~O~4~)~2~\]^3−^ was photoexcited using a femtosecond 268 nm pulse, and transient X-ray absorption spectra were recorded at various pump-probe delay times with a time-resolution of 200 fs and spectral resolution of 1.3 eV. Upon 268 nm photoexcitation, the Fe K-edge exhibited a red-shift within 140 fs followed by a slight blue-shift within 3 ps. The spectral features subsequently remained unchanged for 100 ps, the longest pump-probe delay measured. Based on the experimental results and density functional theory calculations, we propose a new reaction mechanism in which photoexcitation of the LMCT band creates \[Fe(II)(C~2~O~4~)~3~\]^3−\*^, which first loses CO~2~ within 140 fs and then CO~2~^−^ within 3 ps to produce \[Fe(II)(C~2~O~4~)~2~\]^2−^. However, if the photoexcited complex is rapidly vibrationally cooled in the form of \[(CO~2~^•^)Fe(II)(C~2~O~4~)~2~\]^3−^, it may not dissociate CO~2~^−^ immediately. Since this species cannot be distinguished from \[Fe(II)(C~2~O~4~)~2~\]^2−^ owing to similarities in their K-edge shifts and Fe(II)-O bond lengths, the observed spectrum of long-lived components may contain some contribution from this radical complex. For the discrimination of these two possible transient species and confirmation of our proposed mechanism, dynamical simulations and the accurate determination of Fe(II)-O bond lengths achievable by extending measurements to the EXAFS region will be useful.
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![Schematic diagram of our experimental setup.](SDTYAE-000002-034901_1-g001){#f1}

![(a) Histogram of the X-ray pulse energy for 900 shots. (b) Shot-to-shot fluorescence intensity plotted against the X-ray pulse energy obtained at an X-ray photon energy of 7.125 keV. The slope obtained using linear least squares fitting is taken as the fluorescence intensity. (c) Variation of the slope (red) and its standard deviation (black) as a function of the number of X-ray shots.](SDTYAE-000002-034901_1-g002){#f2}

![X-ray absorption spectra of aqueous \[Fe(III)(C~2~O~4~)~3~\]^3−^ solutions measured using the dual beam multiplex detection method (black) and the TFY method (red). With the former method, a single absorption spectrum covering the 30 eV bandwidth of an X-ray pulse was obtained on a shot-to-shot basis and integrated for 10 000 shots. Five such spectra were similarly measured for different energy regions by shifting the X-ray pulse spectrum, and these were then combined to obtain the entire spectrum, shown in black. The sample concentration used for this method was 500 mM. With the latter method, monochromatized X-ray pulses (spectral width of 1.3 eV) were generated and energy-scanned stepwise over the original 30 eV bandwidth to obtain a single spectrum. The detected fluorescence intensity was averaged for 600--1200 shots at each X-ray energy step in the scanned region. Five such spectra were combined to produce the spectrum shown in red. The sample concentration used for the TFY method was 100 mM.](SDTYAE-000002-034901_1-g003){#f3}

![(a) Time-resolved X-ray absorption spectra of an aqueous \[Fe(III)(C~2~O~4~)~3~\]^3−^ solution observed at various time delays. The excitation wavelength is 268 nm. (b) Difference spectra between those obtained at positive delay times and that measured at a delay of −3 ps. (c) Expanded views of the reddest region of the difference spectra, revealing that the magnitude of the K-edge shift diminishes within 3 ps. The arrows in the figure are the excitation energies at which the decay profiles were measured, as shown in Fig. [5](#f5){ref-type="fig"}.](SDTYAE-000002-034901_1-g004){#f4}

![(a) Time profiles of the X-ray fluorescence intensities at different X-ray photon energies and the global fit of the exponential decay curves; the X-ray photon energies employed for these measurements are indicated by the arrows shown in Fig. [4](#f4){ref-type="fig"}. (b) X-ray absorption spectrum of transient species extracted using the global fit.](SDTYAE-000002-034901_1-g005){#f5}

![(a) Dependence of the difference spectrum on the 268 nm pulse energy. The inset shows the absorption peak intensity as a function of UV pulse energy. (b) Comparison of the observed difference spectrum and simulated spectra assuming various K-edge shifts (ΔE) and fractional populations of the photoproducts (*f*). The simulated spectra are in reasonable agreement with the observed one when ΔE is assumed to be −4 and −5 eV. (c) Reconstructed spectrum of the photoproduct (red) generated from the static spectrum of \[Fe(III)(C~2~O~4~)~3~\]^3−^ (*s* = 5/2) (black) and the difference spectrum measured at *t* = 7 ps (blue), assuming *f* = 0.5.](SDTYAE-000002-034901_1-g006){#f6}

![Structures of \[Fe(III)(C~2~O~4~)~3~\]^3−^ in the ground high-spin state and a dissociation product \[Fe(II)(C~2~O~4~)~2~\]^2−^. The structures of \[Fe(III)(C~2~O~4~)~3~\]^3−^ in other spin states are visually indistinguishable from the ground state structure.](SDTYAE-000002-034901_1-g007){#f7}

![(a) A fit (solid blue line) to the fluorescence X-ray absorption spectra μ(*E*) (black squares), in which the oscillatory structure χ(*E*) is given by χ(E) = \[μ(E) − μ~0~(E)\]/μ~0~(E). μ~0~(E) is a smooth background modeled by *a*(*E* − *E*~0~) + *b* with best-fit parameters of *a* = −0.000357(eV^−1^), *b* = 3.22, and *E*~0~ = 7127 eV. χ(E) is simulated for the ground state of \[Fe(III)(C~2~O~4~)~3~\]^3−^ using FEFF6 with the geometries calculated by TDDFT (Fe-O = 2.04 Å). (b) A fit to the reconstructed product absorption spectra (red squares). In this case, χ(E) is simulated for \[Fe(II)(C~2~O~4~)~2~\]^2−^ (Fe-O = 2.04 Å). The best-fit parameters are *a* = −0.000393 (eV^−1^), *b* = 3.48, and *E*~0~ = 7121 eV.](SDTYAE-000002-034901_1-g008){#f8}

![Experimental (black) and simulated (red) UV absorption spectra of \[Fe(III)(C~2~O~4~)~3~\]^3−^ in water. The experimental spectrum is available only down to 210 nm. On the right, the dominant natural transition orbitals characterizing the electronic excitation for 15th excited state are shown. The electronic transition predominantly occurs from an occupied ligand orbital to an unoccupied metal atom orbital. Similar natural transition orbitals are observed for other transitions contributing to the same absorption band.](SDTYAE-000002-034901_1-g009){#f9}

![Structures of possible transient geometries of \[Fe(III)(C~2~O~4~)~3~\]^3−^ after 268 nm photoexcitation. Complex 1 represents an unstable geometry of \[Fe(III)(C~2~O~4~)~3~\]^3−^ with an elongated C-C distance of the oxalate ligand, while complexes 2A and 2B are the isomerized forms. \[(CO~2~^•^)Fe(II)(C~2~O~4~)~2~\]^3−^ is created when complex 1 loses a neutral CO~2~ molecule from the oxalate ligand. Further details are contained in the text.](SDTYAE-000002-034901_1-g010){#f10}

![Residual sum of squares as a function of absorption edge energy and excitation efficiency using the same model described in Fig. [8](#f8){ref-type="fig"}. The geometries are calculated by TDDFT for (a) \[Fe(II)(C~2~O~4~)~2~\]^2−^ and (b) \[Fe(III)(C~2~O~4~)~2~\]^−^. The Fe-O bond lengths in \[Fe(II)(C~2~O~4~)~2~\]^2−^ and \[Fe(III)(C~2~O~4~)~2~\]^−^ are 2.04 and 1.94 Å, respectively. The two figures were plotted using a common intensity scale and color map. The global minimum is located in the blue-colored region in (a) and the red-colored regions correspond to five times greater residual sums.](SDTYAE-000002-034901_1-g011){#f11}

###### 

Fe-O bond lengths (in Angstroms) in the parent molecule and possible reaction products.

               \[Fe(III)(C~2~O~4~)~3~\]^3−^(*s* = 5/2)   \[Fe(II)(C~2~O~4~)~2~\]^2−^ (*s* = 2)   \[(CO~2~^•^)Fe(II)(C~2~O~4~)~2~\]^3−^ (*s* = 5/2)   \[Fe(III)(C~2~O~4~)~3~\]^2−^ (*s* = 2)   \[Fe(III)(C~2~O~4~)~2~\]^−^ (*s* = 5/2)   \[Fe(III)(C~2~O~4~)~3~\]^3−^ (*s* = 3/2)   \[Fe(III)(C~2~O~4~)~3~\]^3−^ (*s* = 1/2)
  ----------- ----------------------------------------- --------------------------------------- --------------------------------------------------- ---------------------------------------- ----------------------------------------- ------------------------------------------ ------------------------------------------
  B3LYP                         2.04                                     2.04                                2.14/2.05/2.06/2.12/2.17                              1.91/2.05                                   1.94                                  2.10/1.96/1.93                                  1.94
  BHandHLYP                     2.01                                     2.04                                2.12/2.06/2.08/2.12/2.11                              1.92/2.08                                   1.93                                  2.07/1.94/1.90                                  1.92
  LC-wPBE                       2.01                                     2.02                                2.11/2.01/2.03/2.15/2.17                              1.85/2.02                                   1.92                                  2.08/1.94/1.90                                  1.91
  BLYP                          2.07                                     2.04                                2.09/2.06/2.09/2.08/2.11                              1.94/2.09                                   1.95                                  2.14/1.99/1.96                                  1.96

###### 

The Fe 1s electron binding energies (in eV) of the parent molecule and possible reaction products. The numbers in the parentheses are relative values.

                             \[Fe(III)(C~2~O~4~)~3~\]^3−^ (s = 5/2)   \[Fe(II)(C~2~O~4~)~2~\]^2−^ (*s* = 2)   \[(CO~2~^•^)Fe(II)(C~2~O~4~)~2~\]^3−^ (*s* = 5/2)   \[Fe(III)(C~2~O~4~)~3~\]^2−^ (*s* = 2)   \[Fe(III)(C~2~O~4~)~2~\] ^−^ (*s* = 5/2)   \[Fe(III)(C~2~O~4~)~3~\]^3−^ (*s* = 3/2)   \[Fe(III)(C~2~O~4~)~3~\]^3−^ (*s* = 1/2)
  ------------------------- ---------------------------------------- --------------------------------------- --------------------------------------------------- ---------------------------------------- ------------------------------------------ ------------------------------------------ ------------------------------------------
  TDDFT, dielectric model                  7152.7 (0)                             7147.9 (−4.8)                                 7147.0 (−5.7)                                  7154.0 (1.3)                              7154.1 (1.4)                              7151.4 (−1.3)                              7150.6 (−2.1)
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